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Semiconductor quantum dots provide a spin-coupled system of an electron and nuclei via enhanced
hyperfine interaction. We showed that the nuclear spin polarization in single quantum dots can have
three stable branches under a longitudinal magnetic field. The states were accompanied by hysteresis
loops around the boundaries of each branch with a change in the excitation condition. To explain
these findings, we incorporated the electron spin relaxation caused by the nuclear spin fluctuation
into the previously-studied dynamic nuclear spin polarization mechanism. The model reproduces
the new features of nuclear spin polarization and the associated strong reduction in the observed
electron spin polarization, and can refer to the tristability of nuclear spin polarization.
In semiconductor quantum dots (QDs), the strong lo-
calization of electron wave function enhances hyperfine
interaction (HFI). Simultaneous spin-flip via HFI trans-
fers the spin angular momentum from an electron to the
lattice nuclear spin ensemble, and thus, nuclear spin po-
larization (NSP) can be established by spin-polarized
electron injection [1–3]. The unparalleled spin coher-
ence of nuclei has always been attractive for applica-
tion to quantum memory [4], and recent demonstrations
and predictions using spin waves suggest the possibility
of quantum read-write processes with over 90 % accu-
racy [5, 6]. On the other hand, the nuclear spin fluctu-
ation causes a serious electron spin decoherence, which
is an undesired aspect of spin coupling via HFI [7]. Re-
cent studies have reported that this electron spin deco-
herence can be eliminated by using the spin refocusing
technique [8, 9].
One of the most interesting properties of NSP is bista-
bility; the NSP transits abruptly between two stable co-
existing branches due to the negative and positive feed-
backs of the spin transfer rate [10–14]. This phenomenon
occurs when electron spin splitting, which limits the spin
transfer rate, is reduced by the compensation of the ex-
ternal magnetic field by an effective field originating from
NSP (i.e. nuclear field).
In this study, we show that NSP in individual QDs
potentially has three stable branches. This intriguing
behavior was demonstrated by steady-state photolumi-
nescence (PL) measurements under non-resonant excita-
tion, and it can be explained by a phenomenological rate
equation, including the effects of nuclear spin fluctua-
tion. In addition, the proposed model predicts that a
QD spin system exhibits a tristable response under some
proper conditions. Our findings remind us of the de-
gree of complication of spin coupling via HFI in a QD,
which sometimes causes unintuitive behaviors, such as
the bidirectional NSP formation [15, 16] and the anoma-
lous Hanle effect [17, 18]. New knowledge related to nu-
clear spin fluctuation contributes to a deeper understand-
ing of electron spin decoherence and a hybrid quantum
system composed of an electron and nuclei.
We used single In0.75Al0.25As/Al0.3Ga0.7As self-
assembled (SA) QDs grown by molecular-beam epitaxy
on (100) GaAs substrate. We analyzed the PL spectra
of three different single QDs (QD1, QD2, and QD3) at
6 K. To explore the nonlinearity of NSP in the QDs, a
static magnetic field Bz up to 5 T was applied along
the sample growth direction (z). A circularly polarized
excitation was employed to inject the spin-polarized elec-
tron and hole into the wetting layer of the QDs (∼1.6986
eV). Here, we define the degree of circular polarization
as ρc=(I
−−I+)/(I−+I+), where I−(+) is the intensity of
σ−(+) polarized PL. In this work, we focus on a positively
charged exciton X+ that consists of one electron and two
holes in a spin singlet. Since ρc depends only on the elec-
tron spin projection on z-axis, 〈Sz〉, in the case of X
+,
ρc is related directly with 〈Sz〉 as ρc=2〈Sz〉. The estab-
lished NSP 〈Iz〉 along the z-axis was monitored through
the Overhauser shift ∆OS defined as 2A˜〈Iz〉, where A˜ is
a hyperfine constant ∼50 µeV [19, 20]. The details of the
sample and measurements are presented in Ref. [21].
The excitation polarization dependence of the X+ PL
spectra obtained from QD1 atBz=+3.0 T is shown in the
top panel of Fig. 1(a) as a color-scale plot. Because the g
factor ge of the conduction electron is positive in our In-
AlAs QDs [22], the compensation of Bz by a nuclear field
occurred under σ+ excitation, where the spin-down elec-
tron is photo-injected selectively. In case of such a con-
dition, the PL energies and intensities indicated abrupt
changes. To closely examine this point, both the ρc and
∆OS that are yielded from the spectra are plotted in the
middle and bottom panels, respectively. It should be
noted that there are two-stage abrupt jumps, which sug-
gest three stable branches labeled Lo., Mid., and Hi. in
the figure.
We also found three of such stable branches of NSP by
changing the excitation power Pexc. Figure 1(b) shows
the ρc and ∆OS obtained from QD2 at Bz=+5.0 T under
σ+ excitation. In the figure, the filled and open circles
(squares) indicate the observed ρc (∆OS) with increas-
ing and decreasing Pexc, respectively. With increasing
Pexc, |ρc| and |∆OS| jumped simultaneously at approxi-
2FIG. 1. (a) Excitation polarization dependence of X+ PL
from QD1 at Bz=+3.0 T and 6 K. Top panel is a color-scale
plot of PL spectra whose vertical axis ∆E indicates the PL
energy from 1.6264 eV. ρc (middle) and ∆OS (bottom) are
obtained from the data in the top panel by the spectral fitting.
(b) Pexc dependences of ρc (top) and ∆OS (bottom) of QD2
at Bz=+5.0 T under σ
+ excitation. Filled (open) symbols
indicate the results with increasing (decreasing) Pexc.
mately 150 µW (PI-H) and an additional abrupt change
occurred at approximately 350 µW (PII-H) again. The
similar behavior with two critical points (PII-L and PI-L)
was observed with decreasing Pexc. Notably, PI(II)-L was
lower than PI(II)-H. That is to say, hysteresis loops were
observed around each boundary of the branches [loop I
(II) for the boundary between the Lo. and Mid. (the
Mid. and Hi.) -branches].
It should be noted that the Mid.-branch is not always
observed; its appearance depends on the QD properties
and experimental conditions. For example, Fig. 2(a)
shows Pexc dependences of the ρc and ∆OS of QD3 at
Bz=+5.0 T. Although the experimental condition was
the same as in the case of Fig. 1(b) [21], the Mid.-
branch did not appear, and only a single hysteresis loop
was observed. Further, QD2 revealed the bistability in
Bz=+3.0 T, as shown in Fig. 2(c), as well as QD3 in
Fig. 2(b). Figures 2(d) and (e) show the Pexc depen-
dences of ∆OS and ρc at various Bz obtained from QD2.
The width of loop II and the region corresponding to the
Mid.-branch reduced with decreasing Bz , and the Mid.-
branch disappeared completely at a Bz smaller than +4.0
T. Although the presence of the Mid.-branch could not be
judged distinctively from the change in ∆OS at approxi-
mately +4.0 T, a reduction of |ρc| in the Mid.-branch was
larger compared with the other two and was the most
prominent indication of the Mid.-branch.
To examine the difference between the bistable and the
three stable cases, we focus on the compensation point
and the magnitude relation between the nuclear field Bn,z
and Bz in each branch. The compensation point, where
Bn,z+Bz becomes zero, is explicitly reflected on the re-
duction of |ρc|; hence, |〈Sz〉|. This is because, the elec-
FIG. 2. (a)–(c) Pexc dependences of ρc and ∆OS (top and
bottom panels) under σ+ excitation. (a) and (b) are observed
in QD3 at Bz=+5.0 T and +3.0 T, respectively, and (c) is
observed in QD2 at Bz=+3.0 T. (d), (e) Pexc dependences
of ∆OS and ρc of QD2 at various Bz. The data are shifted
vertically for clarity. (f), (g) Schematics of effective fields
on an electron in the Hi.-branch of the bistable case (f) and
in the Mid.-branch of three stable branches case (g). Blue,
purple, and red shades indicate the Pexc ranges of the Lo.,
Mid., and Hi.-branches, respectively. Thin black and orange
arrows depict Bz and Bn,z, respectively. The sum, Bz+Bn,z is
represented by the open arrows, and the gray shades indicate
the magnitude and sign of the arrows.
tron spin relaxation, which is strongly suppressed by the
Zeeman splitting, is enhanced at the compensation con-
dition due to the degeneracy of electron Zeeman states.
In the bistable case, as shown in Fig. 2(a)–(c), the low-
est value of |ρc| was realized at PL, where |∆OS| drops
with decreasing Pexc. Thus, the PL of the Hi.-branch was
considered to be the compensation point. Since Bn,z usu-
ally continues to grow with increasing Pexc, as long as the
system stays the same branch, the relation |Bn,z|>|Bz| is
held in the region Pexc>PL. Accordingly, the increment
of Pexc results in the increase of the total field seen by
a QD electron [shown as a gray shade in Fig. 2(f)], and
3FIG. 3. (a) Calculated 〈Sz〉 (top) and 〈Iz〉 (bottom) at
Bz= +5.0 T. The used parameters are presented in Ref. [21].
The horizontal axis fe is the QD occupation factor, which cor-
responds to Pexc in the experiment. The dashed part indicates
an unstable solution, which is hard to access experimentally.
In the bottom panel, the gray curve indicates the calculation
with the conventional model. The right vertical axis indicates
corresponding Bstatn,z normalized by −Bz, where the compen-
sation condition (the dotted line) is unity. (b) Calculated 〈Iz〉
with various τc (c) Calculated 〈Iz〉 with moderate τc. Trista-
bility appears in the highlighted region.
the restoration of 〈Sz〉 in the Hi.-branch with increasing
Pexc is expected. This can be observed in Fig. 2(a)–(c).
In the case with three stable branches, as shown in
Fig. 1(b), on the other hand, the lowest value of |ρc|,
and hence the compensation point, appeared at PII-H. At
this point, ∆OS changes abruptly from the Mid. to the
Hi.-branch with increasing Pexc. Throughout the Mid.-
branch, since |ρc| decreased with increasing Pexc, the elec-
tron Zeeman splitting was considered to keep reducing
as Pexc approached PII-H. This situation is achieved if
|Bn,z|<|Bz | in the Mid.-branch, as illustrated in Fig. 2(g).
Therefore, the magnitude relation between |Bn,z| and
|Bz| in the Mid.-branch was opposite to that in the Hi.-
branch.
Summarizing the observed data, the emergence of the
Mid.-branch seemed to depend on the properties of the
QD system. Comparing Figs. 2(b) and (c), for example,
although both data showed a single hysteresis loop un-
der the same Bz , the widths were significantly different,
which could be attributed to the difference in the correla-
tion time of the HFI and/or relaxation time of the NSP.
In addition, the reduction of |ρc| at the compensation
point was more significant in QD2 compared with that
in QD3. This indicates that the electron spin relaxation
rate in QD2 under the condition of Bz+Bn,z=0 is larger
than that in QD3.
To explain the observed Mid.-branch and the afore-
mentioned dependences on QD properties, we introduce
an effect of nuclear spin fluctuation known as frozen fluc-
tuation [7] in addition to the conventional treatment
of NSP [3, 23–25]. In accordance with Kuznetsova et
al. [26], the nuclear field is considered as the sum of a
static part Bstatn and a fluctuation part Bf . From the
viewpoint of energy conservation of the flip-flop process
via HFI, the formation rate of NSP is enhanced around
the compensation condition Bz+B
stat
n,z =0. However, nu-
clear spin fluctuation causes the deterioration of the aver-
aged electron spin polarization 〈Sz〉 around the compen-
sation condition [7], and thus reduces the NSP formation
rate. Assuming an isotropic distribution of Bf and intro-
ducing the electron spin dephasing time T∆ due to Bf ,
we have
〈Sz〉 = S0
[
1−
2
3
T 2s
T 2∆ + T
2
s
L
(
ωe;
√
1
T 2∆
+
1
T 2s
)]
, (1)
where S0 is the upper limit of electron spin polariza-
tion determined by the competition between the effi-
ciencies of spin-selective injection and spin relaxation,
Ts is the electron spin lifetime determined by the an-
nihilation time and the spin depolarization times [21],
L(x;w)=[1+(x/w)2]−1 is a Lorentzian function of x with
width w, ωe=geµB(Bz+B
stat
n,z )/h¯ is an electron Larmor
frequency, and h¯ and µB are the Dirac constant and the
Bohr magneton, respectively. The derivation of Eq. (1)
is given in Ref. [21]. The dip of 〈Sz〉 at ωe∼0, charac-
terized by Ts and T∆, indicates a more than one order
of magnitude narrower ωe-dependence than that of the
NSP formation rate ∝ L(ωe; τ
−1
c ) specified by the hyper-
fine correlation time τc. This is because, although τc is
expected to be tens to hundreds of picoseconds [25], both
T∆ [22, 27–31] and Ts [32, 33] are evaluated to be of the
order of nanoseconds. Accordingly, the reduction of the
NSP formation rate due to the 〈Sz〉 deterioration appears
as a dip around the compensation condition. This makes
it difficult to overleap the compensation condition in the
dip region. Therefore, we expect saturation in the degree
of NSP, which is responsible for the Mid.-branch.
With the aforementioned consideration, we calculated
Pexc dependences of 〈Sz〉 and 〈Iz〉, as shown in Fig. 3(a).
Here, the magnitude of Pexc is expressed by fe, an occu-
pation factor of QD by an unpaired electron spin, instead.
While the conventional model (the gray curve in the fig-
ure), which does not include the effects of Bf , reproduces
a bistable behavior only, the proposed model successfully
reproduces the Mid.-branch accompanying a large reduc-
tion of |〈Sz〉|. Furthermore, the relation |B
stat
n,z |<|Bz| in
the Mid.-branch is confirmed because the corresponding
curve lies above the dotted horizontal line, which indi-
cates the compensation condition Bstatn,z /(−Bz)=1. These
features were consistent with the experimental observa-
tions shown in Fig. 1(b). It should be noted that the
smaller |〈Sz〉| in the Hi.-branch compared with that in
4the Lo.-branch cannot be reproduced only by the effect
of Bf . Therefore, we introduced the HFI-induced elec-
tron spin-flip relaxation into the calculations [21]. The
incorporation of both effects into the model yields better
agreements between the experimental [Fig. 1(b)] and the
theoretical [Fig. 3(a)] results.
Next, we discuss the transformation from the bistable
to the tristable cases with our model. Figure 3(b) shows
fe dependence of 〈Iz〉 with various τc. As τc increases,
the presence of the Mid.-branch becomes less obvious
even though the magnitude of Bf is maintained at the
same value in the series of calculations. Consequently,
the curve shape approaches the well-known bistable curve
as τc is prolonged. Namely, in the long-τc limit, the Mid.-
branch is buried in the large hysteresis loop of bistabil-
ity and experimental access may become difficult. This
trend is consistent with the following observation: QD3
with a large hysteresis loop [Fig. 2(b)] indicated a bistable
behavior [Fig. 2(a)], while QD2 with a small hysteresis
[Fig. 2(c)] showed the Mid.-branch [Fig. 1(b)].
Finally, we discuss the possibility of tristability where
three stable branches exist simultaneously. As shown in
Fig. 3(b), the fe range where the Lo., Mid., and Hi.-
branches emerge depends strongly on τc. Figure 3(c)
presents the calculated 〈Iz〉 with τc=21 ps. In the high-
lighted region, all stable branches (Lo., Mid., and Hi.)
coexist. Although such a tristability has not been found
experimentally thus far, it can be realized if the QD sys-
tem satisfies specific condition.
In conclusion, we found a new stable branch of NSP
in single InAlAs SAQDs. That implies that NSP indi-
cates three stable branches, although the number of the
branches has been believed to be two at the maximum
thus far. The phenomenon was tested by changing the
excitation power, as well as polarization, under a longitu-
dinal magnetic field. The phenomenological model based
on the dynamic formation of NSP was developed, includ-
ing the effect of nuclear spin fluctuation, which success-
fully explained the three stable branches observed. These
observed stable branches are considered to be a general
property of NSP in various QD systems. Furthermore,
the model predicts the tristability of NSP, which may
lead to new strategies to prepare complicated QD sys-
tems, such as those involving chaotic behavior by using
high degrees of freedom.
This work is supported by JSPS KAKENHI (Grants
No. JP26800162 and No.JP17K19046)
∗ adachi-s@eng.hokudai.ac.jp
[1] D. Gammon, Al. L. Efros, T. A. Kennedy, M. Rosen, D.
S. Katzer, D. Park, S. W. Brown, V. L. Korenev, and I.
A. Merkulov, Phys. Rev. Lett. 86, 5176 (2001).
[2] T. Yokoi, S. Adachi, H. Sasakura, S. Muto, H. Z. Song,
T. Usuki, and S. Hirose, Phys. Rev. B 71, 041307(R)
(2005).
[3] B. Eble, O. Krebs, A. Lemaˆıtre, K. Kowalik, A. Kudelski,
P. Voisin, B. Urbaszek, X. Marie, and T. Amand, Phys.
Rev. B 74, 081306(R) (2006).
[4] J. M. Taylor, C. M. Marcus, and M. D. Lukin, Phys. Rev.
Lett. 90, 206803 (2003).
[5] D. A. Gangloff, G. E´thier-Majcher, C. Lang, E. V. Den-
ning, J. H. Bodey, D. M. Jackson, E. Clarke, M. Hugues,
C. Le Gall, and M. Atatu¨re, Science 364, 62 (2019).
[6] E. V. Denning, D. A. Gangloff, M. Atatu¨re, J. Mørk, and
C. Le Gall, Phys. Rev. Lett. 123, 140502 (2019).
[7] I. A. Merkulov, Al. L. Efros, and M. Rosen, Phys. Rev.
B 65, 205309 (2002).
[8] T. Botzem, R. P. G. McNeil, J.-M. Mol, D. Schuh,
D. Bougeard, and H. Bluhm, Nat. Commun. 7, 11170
(2016).
[9] R. Stockill, C. Le Gall, C. Matthiesen, L. Huthmacher,
E. Clarke, M. Hugues, and M. Atatu¨re, Nat. Commun.
7, 12745 (2016).
[10] P.-F. Braun, B. Urbaszek, T. Amand, X. Marie, O.
Krebs, B. Eble, A. Lemaˆıtre, and P. Voisin, Phys. Rev.
B 74, 245306 (2006).
[11] A. I. Tartakovskii, T. Wright, A. Russell, V. I. Fal’ko,
A. B. Van’kov, J. Skiba-Szymanska, I. Drouzas, R. S.
Kolodka, M. S. Skolnick, P. W. Fry, A. Tahraoui, H.-
Y. Liu, and M. Hopkinson, Phys. Rev. Lett. 98, 026806
(2007).
[12] P. Maletinsky, C. W. Lai, A. Badolato, and A. Imamoglu,
Phys. Rev. B 75, 035409 (2007).
[13] R. Kaji, S. Adachi, H. Sasakura, and S. Muto, Phys. Rev.
B 77, 115345 (2008).
[14] T. Belhadj, T. Kuroda, C.-M. Simon, T. Amand, T.
Mano, K. Sakoda, N. Koguchi, X. Marie, and B. Ur-
baszek, Phys. Rev. B 78, 205325 (2008).
[15] C. Latta, A. Ho¨gele, Y. Zhao, A. N. Vamivakas, P.
Maletinsky, M. Kroner, J. Dreiser, I. Carusotto, A.
Badolato, D. Schuh, W. Wegscheider, M. Atature, and
A. Imamoglu, Nat. Phys. 5, 758 (2009).
[16] A. Ho¨gele, M. Kroner, C. Latta, M. Claassen, I. Caru-
sotto, C. Bulutay, and A. Imamoglu, Phys. Rev. Lett.
108, 197403 (2012).
[17] O. Krebs, P. Maletinsky, T. Amand, B. Urbaszek, A.
Lemaˆıtre, P. Voisin, X. Marie, and A. Imamoglu, Phys.
Rev. Lett. 104, 056603 (2010).
[18] S. Yamamoto, R. Matsusaki, R. Kaji, and S. Adachi,
Phys. Rev. B 97, 075309 (2018).
[19] C. Testelin, F. Bernardot, B. Eble, and M. Chamarro,
Phys. Rev. B 79, 195440 (2009).
[20] E. A. Chekhovich, A. Ulhaq, E. Zallo, F. Ding, O. G.
Schmidt, and M. S. Skolnick, Nat. Mater. 16, 982 (2017).
[21] See Supplemental Material at [URL will be inserted by
publisher] for details.
[22] R. Kaji, R. Matsusaki, S. Yamamoto, and S. Adachi,
Jpn. J. Appl. Phys. 58, SBBH05 (2019).
[23] A. Abragam, Principles of Nuclear Magnetism (Oxford
University Press, Oxford, 1961), Chap. 8.
[24] O. Krebs, B. Eble, A. Lemaˆıtre, P. Voisin, B. Urbaszek,
T. Amand, and X. Marie, C. R. Physique 9, 874 (2008).
[25] B. Urbaszek, X. Marie, T. Amand, O. Krebs, P. Voisin,
P. Maletinsky, A. Ho¨gele, A. Imamoglu, Rev. Mod. Phys.
85, 79 (2013).
[26] M. S. Kuznetsova, K. Flisinski, I. Ya. Gerlovin, I. V.
5Ignatiev, K. V. Kavokin, S. Yu. Verbin, D. R. Yakovlev,
D. Reuter, A. D. Wieck, and M. Bayer, Phys. Rev. B 87,
235320 (2013).
[27] P.-F. Braun, X. Marie, L. Lombez, B. Urbaszek, T.
Amand, P. Renucci, V. K. Kalevich, K. V. Kavokin, O.
Krebs, P. Voisin, and Y. Masumoto, Phys. Rev. Lett. 94,
116601 (2005).
[28] O. Krebs, B. Eble, A. Lemaˆıtre, B. Urbaszek, K. Kowalik,
A. Kudelski, X. Marie, T. Amand, and P. Voisin, Phys.
Stat. Solidi. A 204, 202 (2007).
[29] B. Pal, S. Y. Verbin, I. V. Ignatiev, M. Ikezawa, and Y.
Masumoto, Phys. Rev. B 75, 125322 (2007).
[30] R. Kaji, S. Adachi, H. Sasakura, S. Muto, Phys. Rev. B
85, 155315 (2012).
[31] A. Bechtold, D. Ranuch, F. Li, T. Simmet, P.-L. Ardelt,
A. Regler, K. Mu¨ller, N. A. Sinitsyn, and J. J. Finley,
Nat. Phys. 11, 1005 (2015).
[32] T. Watanuki, S. Adachi, H. Sasakura, and S. Muto, Appl.
Phys. Lett. 86, 063114 (2005).
[33] H. Kumano, S. Kimura, M. Endo, H. Sasakura, S.
Adachi, S. Muto, and I. Suemune, J. Nanoelectron. Op-
toelectron. 1, 39 (2006).
